Graphene displays electronic properties, including high room temperature carrier mobilities, long carrier mean free paths, [1] [2] [3] polarizeability in proximity to a magnetic substrate [4] and long spin diffusion lengths [5] with exciting potential for charge or spin-based device applications. A critical step in practical device development, however, is the direct, controlled growth, by industrially feasible and scalable methods, of high quality single or few layer graphene films on dielectric substrates. Methods such as chemical or physical vapor deposition or molecular beam epitaxy (MBE) are of interest, but must occur at growth temperatures allowing integration with Si CMOS or other device materials. Most reports, however, have involved graphene/substrate interfaces formed by one of two approaches: (a) physical transfer of graphene sheets-grown by chemical vapor deposition on metal substrates [6, 7] or taken from HOPG; [1, 2] or (b) the growth of graphene layers by high temperature evaporation of Si from SiC(0001). [8] [9] [10] The former method presents significant problems for practical device production, including formation of nanoscale interfacial electronic inhomogeneities. [11] The second method appears limited to SiC(0001) substrates.
Recent reports of MBE graphene growth on SiC(0001) [12, 13] are also limited to SiC substrates.
The ability to grow single or few layer graphene on oxides or other dielectric substrates of choice would not only enhance graphene integration with Si CMOS, but also facilitate the development of novel multifunctional non-volatile devices [14, 15] that exploit substrate functionality and graphene/substrate interactions.
Direct graphene growth by chemical or physical vapor deposition has been reported on monolayer h-BN(0001)/Ru(0001) [16] and bulk MgO(111) single crystals [17] at or below 1000 K. In both cases, however, strong substrate/graphene interactions, consistent with commensurate graphene/substrate interfaces, [16, 18] result in pronounced substrate-induced modification of the graphene electronic structure. [17, 19] Recently, the growth of continuous graphene layers by chemical vapor deposition on Al 2 O 3 (0001) has been reported, [20] but the temperatures involved (> 1800 K for few-defect films) suggest limited applicability to device fabrication involving materials other than alumina. The growth temperature reported here, 1000 K, is fully compatible with Si CMOS front end processing, and is significantly lower than that previously reported (~ 1300 K) [12, 13] for MBE growth on SiC(0001).
Growth studies were carried out in a chamber equipped for Auger electron spectroscopy, and reverse-view low energy electron diffraction (LEED) I(V) measurements, as described previously, [16] but with the addition of a commercial multi-target electron beam evaporator for MBE. Co and graphite rod sources were used, and chamber pressure during deposition was < 1 x 10 -8 Torr. The intensities of LEED diffraction spots were determined using commercial imaging software, as described previously. [17] X-ray photemission (XPS) spectra were acquired in a separate system [21] with a hemispherical analyzer in constant pass energy mode (23.5 eV), using an unmonochromatized Al Kα X-ray source operated at 15 kV, 300 W. Spectroscopic ellipsometry data were acquired and analyzed by methods described previously. [24, 25] Co films were deposited onto commercially available 1 cm 2 Al 2 O 3 (0001) substrates at 750 K, with estimated Co thicknesses > 40 Å, as determined by Auger spectroscopy. These films yielded well-defined LEED images characteristic of Co(111). [26] Subsequent annealing resulted in the surface segregation of dissolved oxygen and the evolution of a ~ 3 monolayer (ML) Co oxide film with LEED pattern identical to that of few-layer Co 3 O 4 (111). [27] Graphene films were subsequently grown at 1000 K by carbon MBE, and the presence of a graphene overlayers was confirmed by Raman spectroscopy. spectral region of the Auger electron spectra (Fig. 1a, inset) shows lineshapes characteristic of sp 2 carbon. [28] The "growth curve" abstracted from the evolution of the Auger electron spectra determined average thickness of the carbon overlayer with MBE deposition time, as plotted in Fig. 1b . The data may be fit by a series of straight lines, with breaks in the curve corresponding to completion of one monolayer and beginning of another. Such behavior is strongly suggestive of layer-by-layer growth. [29] Thus, the Auger data demonstrate growth of multilayer sp 2 carbon films by MBE on Co 3 O 4 (111). (Fig. 2b,d) Following the acquisition of Auger electron spectra and LEED data, the sample was exposed to ambient, and then re-inserted into UHV. Subsequently acquired Auger electron spectra and LEED data showed no change from those in Fig. 1a (solid line) and Fig. 2c , respectively, indicating that the sample was inert to ambient exposure. This effect has been observed for other reactive surfaces covered with graphene layers [16, 19, 26, 31] and indicates that the graphene multilayers form a macroscopically continuous film shielding the 3 ML ( Fig. 3a) shows an asymmetric main feature characteristic of graphene. [13] Referencing the spectrometer energy scale to the Al(2p) binding energy of 74.4 eV, characteristic of bulk sapphire, [23] yields a Co(2p) peak maximum binding energy of 778.3(±0.1) eV (Fig. 3b) , in excellent agreement with literature values for both bulk and thin film Co. [23, 32] A shoulder at higher binding energies (Fig. 3b ) is also consistent with the formation of Co 3 O 4 , [33] and the intensity ratio of the Co(2p) oxide and metal features indicates an oxide thickness of 3 ML.
The O(1s) peak maximum is at 530.9(±0.1)eV, consistent with O(1s) spectra from both bulk sapphire [32] and Co 3 O 4 (111) thin films, [33] with a small shoulder at higher binding energy indicating some hydroxylation. The C(1s) main peak binding energy (Fig. 3a) is at 284.9(±0.1) eV, substantially higher than the 284.5 eV binding energy commonly reported for bulk graphite, but similar to the 284.7 eV binding energy reported for few layer graphene grown by graphitization of SiC(0001) [34] , and indicating charge transfer from graphene to the oxide substrate. (Fig. 4 , Co 3 O 4 ) attributed to both a π to π* transition and π plasmon excitation, [35] is comparable to but blue-shifted with respect to features in the dielectric function reported for graphene physically transferred to SiO 2 [36] [37] [38] and for graphene grown on SiC substrates. [35, 37] These energies have been shown to be somewhat dependent on both the graphene substrate [37] and number of graphene layers. [35] We suggest, however, that the substantial observed blue shift (Fig. 4) is consistent with the significant graphene-to-oxide charge transfer deduced from the XPS C(1s) binding energy (Fig. 3) . The spectroscopic ellipsometry data confirm that the dielectric response of the graphene film and Co 3 O 4 system are similar to fewlayer graphene films grown on SiC(0001) or transferred to SiO 2 .
In conclusion, Auger, LEED, XPS and spectroscopic ellipsometry data demonstrate the layer-by-layer growth of graphene films, up to at least 3 ML thickness, on since only amorphous C is obtained by MBE on SiC below 1273 K [12, 13] . LEED data indicate that the graphene/oxide substrate is incommensurate, without significant reconstruction of the Co 3 O 4 (111) surface. XPS C(1s) data reveal the expected ππ* shakeup feature, and the 284.9(±1) binding energy for the peak maximum indicates graphene-to-oxide charge transfer. The spectroscopic ellipsometry data are similar to those of graphene on SiO 2 or SiC.
Bulk-or OH-terminated MgO(111) has a similar O-O nearest neighbor distance to Co 3 O 4 (111) [39] Therefore, the difference between the incommensurate graphene/Co 3 O 4 )111 interface and the apparently commensurate [17, 18] graphene/MgO(111) interface is striking, and may reflect the tendency of highly polar (111) oxides with the rocksalt structure to reconstruct, [39] [40] [41] especially upon reaction with metal overlayers. [42] In contrast, relaxations at the Co 3 O 4 (111) surface greatly reduce the surface polarity, and therefore the driving force for reconstruction. [30] This in turn suggests that numerous metal oxides with similar O-O surface nearest neighbor distances and non-polar surface layers may serve as templates for graphene growth, with possibilities for numerous multifunctional charge-or spin-based devices.
Additionally, highly (111)-oriented Co 3 O 4 films have been grown on Si(100) by plasmaenhanced atomic layer deposition, [25] suggesting a new pathway towards graphene integration with Si CMOS. 
